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Abstract 
The influence of the nature and the maintenance of the secondary supplier, the contents and the nature of the predecessor of 
palladium on catalytic activity of Pd/MeOx/Ni-Al/HC catalysts in the reaction of deep oxidation of methane is considered in the 
work. The secondary supplier was put with the method of a plasma dusting. It is defined that the best predecessor of palladium is 
[Pd(NH3)4](NO3)2. The minimum concentration of palladium necessary for achievement of full oxidation of methane on the best 
samples is 0.25%. It is shown that with the increase in the maintenance of ZrO2 the activity grows in catalysts. All catalysts are 
characterized by the XRF method. The most active sample of Pd/CeO2-ZrO2/Ni-Al/HC is additionally investigated by the method 
of the scanning electronic microscopy. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Deep catalytic oxidation (reburning) - the main method of neutralization of industrial and automobile gas 
emissions in which the main pollutants are hydrocarbons and СО. As catalysts for the process of reburning the 
applied platinum metals especially, platinum and palladium are used. Traditional suppliers for these metals are 
oxides of aluminum, silicon and aluminosilicates [1]. Metal suppliers are technological, strong and thermostable, but 
their own specific surface is small, and it for its increase of catalytic activity it is made by various ways. Plasma 
drawing of secondary suppliers and catalytic coverings [2,3] can be one of perspective methods.  
The purpose of this work was the selection of structure and conditions of synthesis of the palladic catalysts of 
deep oxidation of methane applied on the grids from the stainless steel (SS) covered with the layer of oxides of 
cerium, zirconium and copper, and also their mixes. The specified oxides were put with the plasma method. The 
choice of initial oxides for plasma drawing on SS is made on the basis of literary data [4]. 
2. Experimental 
Preparation of catalysts consisted of several stages. Grids from stainless steel 12X18H10T were subjected to 
abrasive and jet processing by silicon carbide. The covering from ZrO2, CeO2, ZrO2-CeO2 and CeO2-CuO was put 
with the plasma method from the corresponding powders of oxides. Plasma-forming gas was argon with 5% of 
hydrogen. Temperature in plasma according to literary data is about ~ 10000 °C [5]. The underlayer from the 
thermoreacting powder PT-Yu10N (90% of Ni, 10% of Al) with underlayer thickness of ~ 30 microns was 
previously used for the best coupling of ceramic covering with a grid from stainless steel. The SS surface after the 
covering with the powder PT-Yu10N is rough and possesses bigger adhesion in relation to powders of oxides, than 
the surface without underlayer. After applying palladium, at the subsequent processings of samples for transfer of 
palladium to an active form (PdO), there can be an oxidation of the applied underlayer to active NiO in deep 
oxidation [6]. Therefore we also investigated catalytic activity of samples of Ni-Al/HC and Pd/Ni-Al/HC. 
Palladium, at research of influence of concentration of palladium on extent of transformation of methane, an 
impregnating method from Pd (NO3)2 solution was applied. In all other cases palladium was applied from solution  
[Pd(NH3)4](NO3)2. After impregnation the samples were dried within 2 hours at 110 °C and then calcinated on air 
within 3 hours at 500 °C. 
Research of morphology and structure of the surface of the sample is carried out with the use of the scanning 
electronic microscope (SEM) of JSM-6610LV "JEOL" equipped with a spectrometer of the x-ray microanalysis of 
INCAx-Act "Oxford Instruments". For definition of phase structure of the ceramic layer the D8 Advance (Bruker) 
diffractometer was used. 
Test reaction was served by reaction of deep oxidation of methane – the most difficult oxidized hydrocarbon. It is 
known that the more active catalyst in this reaction of deep oxidation of methane, the more active in other reactions 
of deep oxidation of hydrocarbons it will be [7]. 
The research of reaction of oxidation of methane was conducted in the flowing reactor, the interval of 
temperatures being 200-500 °C. Concentration of methane in the air was made 1% revolutions, contact time is ~ 0.4 
s. Concentration of СО before reaction was defined chromatografically. The activity was estimated on the 
temperature level of 50% of transformation degree (Т50) and on transformation degree of 500 °C.  
3. Results and discussion 
Mass of the applied Ni-Al underlayer and oxides was determined by weighing of samples after abrasive and jet 
processing, drawing an underlayer and applying oxides (Table 1). 
Table 1. Characteristics of samples after drawing an underlayer and oxides on metal suppliers 
sample No.  Name % of  underlayer appliing % of layer appling 
1 Ni-Al/НС 21.7 - 
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2 1*-ZrO2/Ni-Al/НС 18.5 7.7 
3 3-ZrO2/Ni-Al/НС 20.4 18.3 
4 3-ZrO2/Ni-Al/НС 18.9 18.4 
5 4-ZrO2/Ni-Al/НС 21.9 32.4 
6 3-ZrO2-CeO2/Ni-Al/НС 19.3 7.0 
7 3-CeO2-CuO/Ni-Al/НС 12.3 3.8 
8 3-CeO2/Ni-Al/НС 19.3 2.8 
*Figures in the code of samples mean number of oxides layers appling of on Ni-Al/HC. 
The underlayer on stainless steel is sprayed evenly, the applying percent on various fragments of the grid 
fluctuates in an interval ~ 18÷22 of %, on average 19% except for the sample No. 7 – 12.3%. 
Depending on the nature of oxide or mix of oxides and from quantity of layers the following is observed. With 
the increase in quantity of layers the mass of oxide of zirconium grows evenly. Dependence of mass of oxide of 
zirconium on quantity of layers is close to the proportional. Zirconium oxide is applied on an underlayer with high 
coefficient of sticking: 3 and 4 layers of oxide of zirconium gives gain in weight18.4% and 32.4% of mass, 
respectively. CeO2, and also mixes of oxides with oxide cerium are applied much worse: 3 layers of CeO2, give an 
additional weight of only 2.8%, ZrO2-CeO2 – 7.0%, CuO-CeO2 – 3.8 % Low level of applying mixes of oxides can 
be explained with the different temperature of melting of oxides. In Fig. 1 results of determination of activity of 
МеОх/Ni-Al/НС catalysts are presented. 
   
 
Fig. 1. Influence of the nature of the secondary supplier on catalytic activity of the samples which aren't activated by palladium in methane 
oxidation reaction 
During the research it was shown that the suppliers prepared with the method of plasma applying and the grid 
itself are from stainless steel which isn't containing palladium, low-active in reaction of deep oxidation of methane. 
On the level of transformation (X) at 500 °C oxidic catalysts on (Ni-Al)/ SS in deep oxidation of methane make a 
row: Ni-Al (11.8 %) > CeO2-CuO (7.2 %) > CeO2-ZrO2(5.3 %) > ZrO2(3.9 %)> CeO2(1.4 %). For comparison, on 
stainless steel the level of transformation at 500 °C makes 0.5%. In the sample CeO2-CuO higher activity is 
determined, first of all, by presence of CuO – the third (after  Co3O4 and NiO) by activity of oxide from a number of 
activity of oxides of transitional metals Period 4 [8]. The sample of Ni-Al/HC is also active both due to oxidation of 
nickel to NiO, and due to dispergating of an alloy of Ni-Al at plasma applying. Rather high activity of Ni-Al alloy, 
can also be caused by education at oxidation on air when calcinating at 500 °C of NiO-Al2O3 system and formation 
of NiAl2O4 [9] spinel. According to [10], NiО-Al2O3 catalysts oxidize methane at 500 °C with the level of 
transformation from 8 to 96% depending on the content of nickel in Al2O3. 
Activation by palladium of oxidic samples on SS considerably increases their activity. In Fig. 2 results of tests 
are presented in reactions of oxidation of methane of the samples of ZrO2/Ni-Al/НС differing according to the 
content of palladium and on the predecessor of palladium activated by palladium. 
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Fig. 2. (a) Influence of the content of palladium in samples Pd/ZrO2/Ni-Al/НС,(18.4 % ZrO2), on catalytic activity in methane oxidation reaction. 
For activation of palladium by soaking from solution Pd(NO3)2 the sample No. 4 was taken (Table 1). (b) Influence of the nature of the 
predecessor of palladium in samples of 0.25 % Pd/18.3%ZrO2/Ni-Al/НС for catalytic activity in methane oxidation reaction. For activation of  
palladium the sample No. 3 of Table 1 was taken. 
With the increase in the content of the palladium applied from Pd(NO3)2 solution in catalysts (Fig. 2, a) 
temperature of semi-transformation of T50 methane in proportion decreases from 500 °C for 0.2% of Pd/ZrO2/Ni-
Al/HC to 370 °C for 0.69% of Pd/ZrO2/Ni-Al/HC. For the best sample of 0.69% of Pd/ZrO2/Ni-Al/НС the level of 
transformation of methane close to 100% is reached at the temperature Т100% ~ 450 °С. 
According to the results presented in Fig. 2 b, the best predecessors of palladium for preparation of catalysts of 
oxidation of methane in our case are Pd(NH3)4](NO3)2, (Х = 88% for Т = 500 оС and time of contact 1 c) and 
Pd(NO3)2 (X = 83%,Pd(NO3)2 (Х = 83%, in the same conditions). Chlorine-containing predecessors  [Pd(NH3)4]Cl2 
and H2PdCl4 don't allow to reach conversion of methane at 500 ° C higher than 30% as chloride ions are poisons for 
reburning catalysts. Chloride ions are removed only at long calcinating at high temperature or when carrying out 
high-temperature reaction of oxidation. Chloride ion influences the formation of oxygen vacancies in the oxygen 
buffer, changes oxidation-reduction properties of suppliers of catalysts on the basis of CeO2 [11] and CeO2-ZrO2 
[12]. It is possible to assume, that for the sample with ZrO2  the similar effect will be shown. 
In Fig. 3 dependences of level of transformation of methane on temperature for catalysts with various 
maintenance of ZrO2 received for some applyings on the supplier (Ni-Al)/НС are presented; and for catalysts with 
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Fig. 3. (a) Influence of the maintenance of ZrO2  in samples of 0.25% of Pd/ZrO2/Ni-Al/НС on catalytic activity in methane oxidation reaction. 
(b) Influence of the nature of the secondary supplier on catalytic activity of palladium of the containing samples (the content of palladium of 
0.25%). 
It is visible that with the  increase of the maintenance of  ZrO2 (quantity of layers), there is an increase in the level 
of transformation of methane at 500 ° C for the catalyst of 0.25% Pd/ZrO2/Ni-Al/HC  from 64% (at 7.5% of masses. 
ZrO2) to 97% (at 32.1% of mass ZrO2). Such effect can be explained by the increase in dispersion of palladium since 
at increase in the mass maintenance of ZrO2 its total surface presented by macropores increases. From Fig. 3b it is 
obvious that samples Pd/CeO2-ZrO2/Ni-Al/HC and Pd/ZrO2/Ni-Al/HC are most active. Possibly, it is connected with 
the following: ZrO2 and CeO2-ZrO2, are applied with the layer 80 and 30 microns thick respectively, become well 
soaked with solution [Pd(NH3)4(NO3)2]. In the catalytic cycle Pd+2 it is restored by methane to Pd+1. After that the 
CeO2 and ZrO2  being oxide buffers,   oxidize Pd+1 to an initial condition of Pd+2 due to fast return of the oxygen. The 
formed oxygen vacancy is filled with oxygen from a gas phase. Really, the increase of mobility of oxygen even in 
stable oxides (Al2O3 и SiO2) on borders with particles of the applied metals (Pt, Pd) it was theoretically proved in 
[13] and it is experimentally proved by method of an isotope heteroexchange of oxygen of these oxides with СO218 
[14]. 
The cerium oxide applied on Ni-Al/HC grid with the plasma method is very much hydrophobial, therefore. 
soaking of the sample of solution of nitrate of palladium doesn't give its uniform distribution on the  sample. For this 
reason the dispersion of palladium on CeO2 turns out low, as a result and catalytic activity is  also low. For the same 
reason Pd/CeO2-CuO/Ni-Al/HC sample is also low-active. 
For the most active catalyst - 0.25% Pd/CeO2-ZrO2/Ni-Al/HC — the results of research are presented by the SEM 
method in Fig. 6-8. Proceeding from the scale, it is possible to conclude that in the applied layer there are areas with 
various dispersion and various morphology of particles. So, in Fig. 4a large particles of 3–4  in size  microns 
consisting of layers and representing judging by the analysis of structure in the point 5, the phases ZrO2 and CeO2 
with the content of oxygen, insufficient on a stoichiometry, are visible. Existence of defects on oxygen is probably 
connected with the plasma way of applying oxides. Presence of nickel at the surface layer is also explained by the 
plasma dusting of oxides leading to mixing of layers of previously applied underlayer Ni-Al and the subsequent 
oxidic layers. The nickel exit in a surface layer, its oxidation and interaction with the phases ZrO2 and CeO2 can lead 
to increase in activity of catalysts. On Fig. 4b much more disperse, roundish particles though there are also large, 
"puff" educations are presented. The ratio of Zr/O and Ce/O is close to presented in Fig. 4a, point 5.  




Fig. 4. Local composition in % mass of Pd/ZrO2-CeO2/Ni-Al/НС at ×5000 increase 
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In the applied layer (Fig. 4) of ZrO2 and CeO2 oxygen and zirconium are distributed rather evenly. Judging by 
analyses, Pd and Ni practically in all points are found together. It means that nickel inclusions in the surface layer 
can be the centers of stabilization of palladium that increases its dispersion. 
Results of the X-ray phase analysis (RPA) of the coverings mechanically remote from a grid surface from 
stainless steel are presented in Table 2. 
Table 2. Phase structure and the sizes of the areas of coherent dispersion (ACD) of crystal phases in active layers. 
Name of samples Phase structure Circle, nm 
Pd/ZrO2/Ni-Al/НС ZrO2   tetragonal 61±1 
ZrO2 monoclinous  40±2 
Ni   cubic 36±9 
Pd/ZrO2-CeO2/Ni-Al/НС ZrO2 tetragonal 61±3 
ZrO2 monoclinous  2-3 
CeO2 cubic 56±11 
Ni cubic 36±1 
NiO cubic - 
Pd/CeO2/Ni-Al/НС CeO2 cubic 126±6 
Ni3Al cubic 13±2 
Ni5Al3   trimetric - 
Ni cubic 41±9 
Pd/CeO2-CuO/Ni-Al/НС CuO monoclinous 39±1 
CeO2 cubic 176±1 
Ni5Al3   trimetric 22±1 
Ni cubic 52±1 
 
The X-ray phase analysis of the powders received from mechanically remote ceramic coverings showed that the 
joint mixed phases ZrO2 -CeO2 and CuO-CeO2  aren't found. In samples Pd/CeO2/Ni-Al/НС and Pd/CuO-CeO2/Ni-
Al/НС also intermetallie - Ni3Al and Ni5Al3 are found. The formed phases have rather small sizes of areas of 
coherent dispersion. But the specific surface of these phases is low that testifies about an   agglomerating (formation 
of joints of particles), despite very differing structures of phases. 
4. Conclusion 
1. A number of МеОх/Ni-Al/НС suppliers is received by the method of plasma dusting of oxides of metals on 
stainless steel, and on their basis a number of applied palladic catalysts of full oxidation of methane is 
received as well. Morphology and phase structure of the applied oxidic layers are investigated by the SEM and 
XFA  methods. Partial mixing of the nickel underlayer and the applied oxides is observed at plasma applying 
of oxides . The part of nickel comes to the surface and participates (in the form of NiO) in catalytic oxidation 
of methane. For Pd/CeO2/Ni-Al/НС and Pd/CeO2-CuO/Ni-Al/НС catalysts by the XFA method in the surface 
layer of the supplier the nickel - aluminum intermetallide (in the form of the separate phase) are found. Phases 
of the mixed oxides (ZrO2-CeO2  и  CuO-CeO2) aren't detected. 
2. The МеОх/Ni-Al/НС catalysts which aren't activated by palladium possess low activity. At 500 °C the 
conversion of methane for these catalysts makes: for Ni-Al/SS - 11,8%, after applying CeO2-CuO - 7.2 %,  
CeO2-ZrO2 - 5.3 %,  ZrO2 - 3.9 %, CeO2 - 1.4 %. 
3. Applying of palladium (≥ 0.25%) on the wafer with the applied layer of oxides (especially ZrO2) causes sharp 
increase in the level of conversion of methane and allows to carry out reaction at lower temperatures. In the 
process of increase in the maintenance of Pd applied from the predecessor of Pd(NO3)2 the temperature of semi-
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transformation of methane decreases from 0.2 to 0.7% of the mass of the catalyst. For the sample containing 
0.7% of Pd on the ZrO2/Ni-Al/HCZrO2/Ni-Al/НС supplier 100 percent conversion of methane is reached at 
450 °C. The best predecessor of palladium is [Pd(NH3)4](NO3)2. When using this predecessor the temperature 
of semi-transformation of methane decreases with 500 to 370 °C for catalysts of 0.25% of Pd/ZrO2/Ni-Al/НС. 
At 0.25% containing Pd the activity of the applied catalysts  Pd/ZrO2/Ni-Al/НС grows at increase in mass of 
the applied ZrO2. The samples activated by palladium (0.25% of mass Pd) make a number of activity on the 
level of transformation at 500 °C: Pd/ZrO2-CeO2/Ni-Al/НС (97.9 %) ı Pd/Ni-Al/НС (97.7 %) > Pd/ZrO2/Ni-
Al/НС (88.2 %) > Pd/CeO2 /Ni-Al/НС (24.5 %) > Pd CeO2-CuO//Ni-Al/НС (8.9 %). This fact can be used for 
creation of effective and  cheap low concentrated palladic catalysts of reburning of methane in exhaust gases.  
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